High-capacity millimetre-wave (MMW) and terahertz (THz) links require efficient transmitters and receivers. In this context, photonics -- or microwave photonics -- has emerged as a successful approach to overcome electronic related speed limitations[@R2],[@R3],[@R7]. And indeed, the community has come up with most efficient optical-to-wireless transmitters that work reliably up to 400 GHz[@R8]--[@R10]. Furthermore, fully integrated transmitters have been demonstrated[@R11]--[@R13]. However, the reception of wireless signals and the direct up-conversion to an optical signal has turned out to be a challenge to this very day.

Until now, wireless-to-optical receiver systems mainly rely on high-speed electronics[@R14]. Usually, the signal is received by an antenna, pre-amplified, and mixed down to the baseband or to an intermediary frequency with an electronic mixer. After an additional amplification stage, the signal is converted to the optical domain by means of an electro-optic modulator[@R7]. Therefore, a simple solution that would allow a direct wireless-to-optical conversion (omitting electronics) is of great interest -- particularly if realized on a low-cost platform such as silicon[@R15]. A possible application scenario in access networks[@R6] is depicted in [Fig. 1](#F1){ref-type="fig"}.

Recently, a wireless-to-optical conversion without RF down-mixing was demonstrated over a distance of 4 meters[@R16]. 10 GBd 16 QAM signals from two external antennas were separately amplified and then converted back to the optical domain by a dual-polarization modulator. This approach is interesting, yet, an electro-optic device capable of directly converting the wireless signal to the optical domain would strongly reduce the complexity, cost, and bulkiness of MMW and THz receivers. Most importantly, an electro-optical approach wouldn't require any high frequency RF front-end electronics which would ultimately limit the RF carrier frequency by the electronic speed. Surely, several direct wireless-to-optical converters with an antenna directly combined with an optical modulator have been demonstrated[@R17]--[@R20]. For instance, successful photonics based electro-optic conversion of 60 GHz and 14 GHz sinusoidal carriers were demonstrated over distances of 25 cm and 40 cm, respectively. These demonstrations used respectively nonlinear optical materials such as lithium niobate[@R17] or organic polymer[@R20]. Recently, a direct RF-photonic receiver at 36 GHz with a 1 MBd 64 QAM signal for a 23 cm link was demonstrated[@R19]. While these are most interesting approaches, it is clear that the current approaches either suffer from electro-optical bandwidth limitations that makes a transition to higher carrier frequencies difficult or that they require a way more sensitive reception that would allow a higher modulation. In parallel, plasmonics[@R21] has emerged as a field that offers almost unlimited bandwidth[@R22] and impressive modulation depths at very low electrical fields[@R23] thanks to their subwavelength confinement capabilities[@R24]. These unique features make plasmonic electro-optic phase modulators an ideal candidate for the direct wireless-to-optical conversion up to THz frequencies[@R18],[@R25]. Recently, it was shown that combining a plasmonic electro-optic phase modulator[@R26] with a dipole antenna, a 60 GHz signal could be mapped to the optical domain with high conversion efficiency[@R27].

Here, we demonstrate a direct wireless-to-optical conversion with a plasmonic phase modulator directly integrated with a resonant four-leaf-clover (4LC) antenna. The performance of the converter is shown in a 20 Gbit/s and 10 Gbit/s line-rate experiment at a 60 GHz carrier over the free-space distances of 1 and 5 m, respectively. No RF front-end electronics was required in the wireless to optical receiver because the scheme offers an inherent built-in plasmonic field enhancement up to 90'000. The complete electro-optic device requires only 0.315 mm^2^ of footprint, is scalable from GHz to THz and fabrication is compatible with standard silicon technologies. Not only can such a device pave the path for new applications, but may give way to new array systems such as needed for high data-rate beam steering[@R7].

The device, shown in [Fig. 2a](#F2){ref-type="fig"}, consists of a millimetre-wave antenna and a plasmonic phase modulator combined in one single metallic structure. Light guided by silicon (Si) waveguides is converted to and from surface plasmon polaritons (SPPs) by photonic-plasmonic converters[@R26]. The SPPs propagate along the plasmonic modulator formed by a horizontally aligned metal-insulator-metal (MIM) slot waveguide[@R28] filled with a nonlinear organic material[@R29]. When an incident MMW field couples to the resonant antenna, charge carriers oscillate with the incident field producing an electric field across the MIM slot. As the metallic antenna arms are used to form the plasmonic MIM slot, all the voltage drop occurs across the nonlinear material. Due to the Pockels effect, the refractive index of the nonlinear material in the slot changes linearly with the incident MMW field strength (see [methods](#S1){ref-type="sec"} section). This way, a wireless signal can directly modulate the phase of a SPP propagating along the slot.

The proposed structure can efficiently convert wireless signals to the optical domain for mainly three reasons. First, the nano-scale slot provided by plasmonics gives rise to a strong field enhancement due to the inverse dependency of the field with the slot width. Second, the resulting electric field in the slot overlaps almost perfectly with the optical field propagating along the MIM slot waveguide leading to a strong nonlinear interaction (see [supplementary information, S1](#SD1){ref-type="supplementary-material"}). Third, the resonant nature of the 4LC antenna further enhances the electric field in the slot and is maximized by fulfilling the full-wave resonance condition[@R30] (see [supplementary information, S2](#SD1){ref-type="supplementary-material"}). In this respect, a trade-off between achievable field enhancement and the available bandwidth limits the design. Even though the wavelength of the 60 GHz carrier is 5 mm in free-space, due to the high-*k* silicon substrate the dimensions of the antenna can be below mm^2^, which is a benefit for integration.

Devices were fabricated on a SOI wafer, see [Fig. 2a](#F2){ref-type="fig"} (see [methods](#S1){ref-type="sec"} section). The electro-optic conversion efficiency of the device has been tested first. From the measured modulation depth (see [methods](#S1){ref-type="sec"} section), one can calculate the field enhancement achieved by the structure[@R27]. As expected a slot width dependency is observed, see [Fig. 2b](#F2){ref-type="fig"} (blue marks). Although highest FE is achieved for narrow slots, the insertion losses and poling efficiency play a role in the overall conversion performance and have slot width dependency as well[@R31]. The optimal slot width is found to be around 75 nm. A field enhancement of up to 60'000 was found for the device with the 75 nm wide plasmonic slot, see blue squares (tagged by 4LC Antenna). The device with a back reflector (BR) has an increased FE of 90'000, see red square (tagged 4LC Antenna with Back Reflector). Comparing the FE of a simple dipole antenna structure (yellow square) with the 4LC Antenna, a clear increase in the efficiency can be observed for the 4LC structures. The bandwidth around the 60 GHz carrier was measured and found to be 3.1 GHz (see [Fig. 2c](#F2){ref-type="fig"}), close to the expected value of the designed resonant antenna. This corresponds to a relative bandwidth of 5%. The antenna with back-reflector had an increased relative bandwidth of 10%. This is slightly less than the relative bandwidth of 12% e.g. available in Ref [@R16]. However, the relative bandwidth in our approach can be adapted by choosing another resonant structure. So for instance, a dipole antenna can provide relative bandwidths beyond 25%[@R27],[@R32]. [Figure 2d](#F2){ref-type="fig"} shows the modulation depth achievable as a function of the power intensity at the receiver. A linear dependency is observed, and strong modulation can be achieved even with reasonable transmitted power. A modulation index of 0.2 rad is easily achieved for a wireless distance of 5 m. Such a modulation index corresponds to an equivalent applied voltage of 0.8 V, and is sufficient for high-data-rate modulation[@R23].

To test the device in a last meter scenario as depicted in [Fig. 1](#F1){ref-type="fig"}, a transparent fibre-wireless-fibre link has been built, as shown in [Fig. 3](#F3){ref-type="fig"} (see [supplementary information, S3](#SD1){ref-type="supplementary-material"}). First the electrical data consisting of a quadrature phase shift keying (QPSK) signal with a random bit sequence of length 40960 is encoded on an optical carrier (*f*~0~) by means of an IQ-modulator (Optical Tx). Ultimately, it is the goal to transmit multiple of 10 Gbit/s -- which is a standard in datacom and FTTH. Subsequently, the optical signal is converted to a millimetre-wave wireless signal (RF Tx) by a heterodyne approach (see [methods](#S1){ref-type="sec"} section). The wireless signal is focused on the passive plasmonic mixer by means of a high density polyethylene (HDPE) lens and converted back on an optical carrier (*f*~0~-*f*~RF~). Finally, the electrical signal is recovered in a coherent optical receiver (Optical Rx). The wireless link between the transmitter and receiver was tested in a 1 m and 5 m scenario with two different 4LC devices with and without back reflector, respectively.

The results of the fibre-wireless-fibre data experiment are shown in [Fig. 4](#F4){ref-type="fig"}. Line rates of 2 and up to 20 Gbit/s were achieved for the 1 m link with bit-error ratios (BERs) of 1.6×10^-5^ to 3.1×10^-3^, and line rates of 4 Gbit/s and up to 10 Gbit/s for a 5 m link with BERs of 1.6×10^-5^ to 2.3×10^-3^. Note that no electronics was used in the passive wireless-to-optical receiver. Errors in signals with a BERs below the hard-decision forward error correction (HD-FEC) limit[@R33] of 4.5×10^-3^ can be corrected with a small overhead of 7%.

To assess the limits and opportunities of the proposed plasmonic mixer technology one can resort to the bandwidth distance product as a figure of merit (FOM). The bandwidth and distance are defined respectively by the 3 dB electro-optic bandwidth times the distance at which the achievable BER stays below the HD-FEC limit. With this FOM we obtain for the first experiment (1 m link) a 6 GHz·m and in the second experiment (5 m link) a 15 GHz·m bandwidth-distance products. These numbers need to be taken with care though as they do not show what is really possible. For instance, the Tx and Rx antenna link gain in our setup account for a 56 dBi gain, whereas in literature schemes with more than 86 dBi are frequently used[@R4],[@R8],[@R34]. This would leave a margin of more than 30 dB of link gain if needed. Also, in our first chip generations we report fibre-to-fibre losses of 44 and 34 dB for the two generations of devices. These optical losses are high. Yet, by resorting to fibre-to-chip schemes offered by foundries[@R35] and by exploiting the most recent resonant plasmonic structures[@R36] the overall chip losses can be as low as 8 dB (see [methods](#S1){ref-type="sec"} section). There is thus a 26 dB of optical link gain -- corresponding to a 52 dB of electrical gain that one can still take advantage of. Lastly, the scheme is scalable to higher carrier frequencies such as e.g. 300 GHz. This is possible since the frequency response of the plasmonic modulator is flat up to 325 GHz[@R22],[@R25],[@R37]. When working at such a high carrier with 3 frequency bands[@R38] one could envision a capacity beyond 180 Gbit/s (see [methods](#S1){ref-type="sec"} section). To sum up, the discussion shows that the suggested scheme has ample margin and a bandwidth-distance product of as much as e.g. 9 THz·m is surely doable. This could for instance be achieved by the aforementioned 180 Gbit/s QPSK link if transmitted over a distance of 100 m.

Other opportunities will emerge with the rise of phased-array beam steering technologies[@R39]. The microwave plasmonic scheme offers a unique advantage as it scales well both in footprint and speed. The scaling is due to the fact that the receiving antenna is extremely compact and may operate up to highest carrier frequencies.

In conclusion, to the best of our knowledge, we have demonstrated the first transparent fibre-wireless link with an entirely integrated direct wireless-to-optical receiver. Key to this was a novel plasmonic mixer which can directly convert a wireless 60 GHz signal to the optical domain. Line rates of 20 Gbit/s were successfully transmitted across a 1 m free-space RF link and up to 5 m at 10 Gbit/s. The receiver is as compact as 0.315 mm^2^ which makes it potentially attractive for use in next generation wireless and phased-array systems.

Method {#S1}
======

Plasmonic phase modulator {#S2}
-------------------------

The plasmonic phase modulator (PPM) is based on a metal-insulator-metal slot (see [supplementary information, Fig. S1a](#SD1){ref-type="supplementary-material"}) guiding surface plasmon polaritons (SPP)[@R28]. SPPs are electromagnetic waves propagating along a metal-dielectric interface coupled to charge oscillations at the metal surface. Due to their electronic nature, the spatial wavelength of SPPs is reduced and can therefore be confined to dimensions much smaller than their angular wavelength. By placing two metal-insulator interfaces close to each other, two SPPs can couple to each other to form so-called gap or slot SPPs[@R28]. Such metal-insulator-metal (MIM) slot waveguides can strongly confine and guide infrared SPPs. The insulator forming our MIM slot consist of a nonlinear optical (NLO) material. The NLO material used here is composed of organic electro-optic chromophores with a strong χ^(2)^ nonlinear response. If an electric field is applied across the NLO material, a change is induced in the material's refractive index. This way the phase of propagating SPPs along the MIM slot can be controlled with an external electrical signal. The induced phase shift Δ*φ* = Δ*n*~eff~·*L*·2*π*/*λ* is proportional to the change in effective refractive index Δ*n*~eff~ and device length *L*. The effective refractive index change can be expressed as[@R27],[@R40] $$\Delta n_{\text{eff}} = \Gamma\frac{\Delta n_{\text{mat}}}{n_{\text{mat}}}n_{\text{slow}} = \frac{1}{2}n_{\text{mat}}^{2}r_{33}\Gamma n_{\text{slow}}E_{\text{slot}}$$ where *n*~mat~ is the material refractive index, *Γ* is the confinement factor, *n*~slot~ the slow down factor, *r*~33~ the nonlinear coefficient of the electro-optic material and *E*~slot~ the electric field in the slot. Several factors make the modulation of the SPP's phase efficient[@R40]. The perfect confinement in the plasmonic slot of the optical and electrical fields (see [supplementary information, Fig. S1b](#SD1){ref-type="supplementary-material"}) results in their almost perfect overlap, yielding a high *Γ*. The bound nature of SPP fields to metals leads to a slow down effect *n*~slot~ increasing the nonlinear interaction for the same optical path. In addition, the plasmonic slot allows to choose arbitrary nonlinear materials. Organic electro-optic chromophores have been shown to have very strong electro-optic nonlinearities *r*~33~. The nano-scale dimension of the plasmonic slot results in high fields for low applied voltages. These lead to optimal nonlinear interactions and most efficient conversion efficiencies such that Δ*n*~eff~ close to 0.1 can be found[@R40]. In addition, the subwavelength nature of the plasmonic slot enables the most compact solution reducing the resistance-capacitance (RC) product of the device. This allows for largest electro-optic bandwidths.

Fibre-to-device coupling {#S3}
------------------------

Grating couplers (GC) and silicon (Si) access waveguides are used to couple the optical signal from the optical fibre to the plasmonic modulator and back to the fibre. The GCs couple the optical mode from the fibre to the Si waveguides. The GCs are formed by a periodic arrangement of Si tranches matching the wavelength to couple, e.g. 1550 nm. Subsequently, the optical energy is coupled from the Si waveguide to the plasmonic section via photonic-plasmonic converters (PPC)[@R26],[@R41]. The PPC consists of a tapered Si waveguide and inverted metal taper. The evanescent optical field from the Si waveguide couples on both sides to SPPs at the metal interface. At the beginning of the plasmonic slot, both SPPs couple together to form a slot SPP.

Device fabrication {#S4}
------------------

Devices were fabricated on a silicon-on-insulator (SOI) wafer with 220 nm thick silicon layer and 3 μm thick buried oxide. Silicon waveguides with a width of 450 nm and height of 220 nm were patterned by e-beam lithography and dry etching. The waveguides were covered with a 500 nm SiO~2~ cladding. Next, the metal forming the plasmonic modulator and antenna arms were deposited by e-beam evaporation and a lift-off process. Finally, a nonlinear optical organic material composite (HD-BB-OH/YLD124) was applied by spin-coating[@R29]. The mesoscopic nonlinearity of the organic material was then activated by a poling procedure[@R31]. The total device is 900 µm in length and 350 µm wide. The plasmonic slot is 75 nm wide and 17.5 μm in length. For one set of devices, the silicon substrate was thinned down to 250 μm and gold was sputtered on the back of the chip as a back reflector (BR). Note that the device with thinned down substrate was used for the 1 m link experiment. The additional processing on the substrate introduced some additional losses. For this reason, the 5 m link experiment was done with a device without processing of the substrate (no BR).

Electro-optic characterization {#S5}
------------------------------

Laser light at 1550 nm was coupled to the chip by means of GC. A 60 GHz RF signal generated by a microwave synthesizer is transmitted with a horn antenna onto the chip and used to induce a modulation onto the optical carrier. The optical signal is then analysed with an optical spectrum analyser (OSA) and the electro-optic response of the side bands are measured.

Fibre-wireless-fibre link demonstration {#S6}
---------------------------------------

A transparent fibre-wireless-fibre link has been built, see [Fig. 3](#F3){ref-type="fig"}. First, a QPSK signal with a random bit sequence is encoded onto a 1550 nm optical carrier (*f*~0~) with an IQ modulator. The data signal has a symbol rate between 1 GBd and 10 GBd and is pulse shaped with a square root raised cosine with a roll-off factor of 0.05. In the RF front-end the data signal is combined with a second laser (*f*~0~-*f*~ref~) which is tuned for a wavelength offset corresponding to the RF carrier frequency, i.e. 60 GHz. This RF carrier is chosen due to the available equipment. Subsequently, the RF signal is generated using a high-speed (70 GHz) photodetector (Finisar XPDV3120R) with a DC responsivity of 0.6 A/W. With a delivered input optical power of 10 mW, a generated RF power of 1 mW is estimated. For comparison, typical FTTH networks use down-stream optical power levels on the order of 3 mW to support 1.2 Gbit/s. With powers in the same order of magnitude (10 mW) we achieve data rates approximately ten fold higher. To maximize the opto-electrical conversion efficiency, both laser amplitudes are kept at equal powers, see [Fig. 3](#F3){ref-type="fig"} inset (I). The generated RF signal is then amplified by a high power V-band amplifier (SAGE SBP-5536533022-1515-E1) providing an unsaturated gain of 30 dB, a saturation output power of 22 dBm and an electrical bandwidth of 55-65 GHz. The amplified RF signal is fed to a phased array antenna (Huber&Suhner SENCITY®Matrix) with a gain of 38 dBi and a bandwidth of 57-66 GHz. To overcome the free-space path losses, a HDPE lens is used to focus the MMW energy onto the chip. The lens gain at 60 GHz was measured to be 18 dB. The wireless link between the transmitter and receiver was set first to 1 m. In a second step, the link was increased to 5 m. As an optical table was needed for the receiver setup, the wireless distance was limited by the distance between the optical tables in the laboratory.

The wireless signal containing the data information was then directed to the passive plasmonic mixer. An optical cw signal (*f*~0~-*f*~ref~) was coupled into the plasmonic mixer as a new optical carrier on the receiver side. The impinging RF field modulated the laser, and light with the encoded information was coupled out of the receiver chip through the GCs. Subsequently, the optical signal was optically amplified in an EDFA and fed to an optical coherent receiver. The local oscillator (LO) of the coherent receiver was set to the wavelength of one of the sidebands, i.e. corresponding to the wavelength in the optical transmitter (*f*~0~). Offline digital signal processing was then performed at the receiver including matched filtering, timing and carrier recovery, and linear and nonlinear equalization.

Potential of the concept to extend reach and bandwidth {#S7}
------------------------------------------------------

Several issues can be addressed to increase the transmission link and bandwidth. So for instance, one can improve the antenna gain in the transmitter or improve the lens gain in the receiver. The current antenna link gain of transmitter and receiver amounts to a 56 dBi. Yet, 30 dB higher transmitter-receiver gains and beyond have been reported at higher frequencies[@R4],[@R8],[@R34]. Another issue to be addressed are the total losses of the chips. For the two generations of chip with and without a reflector we measured total chip losses of 44 and 34 dB. These losses can be attributed to fiber-to-chip coupling losses in the order of 20 and 18 dB, silicon waveguide propagation losses in the order of 10 and 2 dB and losses in the active plasmonic section in the order of 14 and 12 dB, for the two chip generations respectively. Admittedly, these losses are high and could be as low as 8 dB if fabrication would be performed with state-of-the art silicon photonics fabs. In fact, state-of-the--art optical grating couplers offered by industrial fabs guarantee coupling losses in the order of 2.5 dB per coupler[@R35] while losses for silicon waveguides are well below 1 dB/cm. Also the losses in the active plasmonic section can be reduced. Recently, we were able to introduce a more efficient resonant plasmonic modulation scheme, where losses have been reduced to 2.5 dB[@R36]. Thus, by replacing the coupling schemes and implementing the most recent plasmonic modulation schemes the net-optical losses could thus be reduced by up to 26 dB, resulting in an additional 52 dB electrical power in the system. Bringing down these excess losses will allow one to leave out e.g. the electrical amplifier with a 22 dB gain in the transmitter. The additional power could also be used to map higher modulation formats such as 16 QAM onto the optical carrier[@R16] or for transmitting the information across longer distances. Increasing the distance from 5 m to 100 m would for instance require 25 dB out of the loss budget.

Another advantage of the scheme is the scalability to higher carrier frequencies. As the frequency response of plasmonic modulator is flat beyond 300 GHz[@R22],[@R25],[@R37], one could easily resort to a carrier frequency around 300 GHz while preserving the current design with the 10% fractional bandwidth. This would result in an available bandwidth of 30 GHz. In a next step one could arrange e.g. three transmitters in parallel. Parallelization is possible due to the very compact footprint of the device. Assuming 3 frequency bands around 300 GHz with each 30 GHz (typically this will allow the transmission of 30 GBd in each band), one could potentially transmit 3 × 60 Gbit/s of QPSK signals resulting in data rates of up to 180 Gbit/s.

In summary, the current design leaves ample margin for improvement. So there are at least 30 dB of transmitter and receiver link gain and 52 dB of link gain due to optical losses. Further, by transmitting 3 bands of 30 GHz at a carrier of 300 GHz the proposed concept potentially should be able to transmit 180 Gbit/s of data across a wireless distance beyond 100 m. If such a scenario were implemented, it would correspond to a bandwidth distance product of 9 THz·m.
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![Prospective application scenario for point to point high-capacity fibre-wireless link.\
Deploying the fibre-to-the-home (FTTH) can be costly. One possible scenario reducing the cost, while still providing high-capacity connectivity for the end user is to use virtual fibres (red beams) for the last few meters. Here, optical fibres (yellow lines) are deployed to the residential area either underground or above ground using existing cable platforms. Lamp posts located close to the houses could host optical-to-wireless converters for down-stream (red dashed arrow), and wireless-to-optical converters (plasmonic mixer) for the up-stream data (red dashed arrow). A direct converter could very simply and cost efficiently map the wireless signal onto a common laser signal, which then can be routed back to the central office.](emss-79698-f001){#F1}

![Device structure and performance.\
**a**, Top view showing an optical microscope image of the four-leaf-clover antenna with the integrated plasmonic phase modulator. Blow-up scanning-electron microscope (SEM) colorized images of the phase-modulator section (I) and detail view of the photonic-to-plasmonic converter (II). **b**, Field enhancement provided by the structure as a function of the slot width. **c**, Electro-optic bandwidth of the plasmonic mixer. **d**, Modulation index as a function of the power intensity at the plasmonic mixer. The measurement is based on a 5 m link. The inset shows the normalized electro-optical response of the plasmonic mixer.](emss-79698-f002){#F2}

![Fibre-to-wireless and wireless-to-fibre link experiment.\
First the optical signal is generated by encoding a QPSK signal with a random bit sequence of length 40960 onto a 1550 nm optical carrier (*f*~0~). The optical signal (10 dBm) is subsequently combined with a reference laser (*f*~0~-*f*~RF~) detuned by 60 GHz and fed into a high-speed photodetector. The resulting MMW signal is amplified and emitted to the far-field by a high-gain millimetre-wave antenna. The wireless signal is focused by means of a high-density polyethylene lens onto the plasmonic mixer and converted back to the optical domain. The optical signal is decoded in a coherent receiver system consisting of a 90° hybrid mixer and photodetectors. Tx: transmitter, EDFA: erbium-doped fibre amplifier, PD: photodiode, DSO: real-time digital storage oscilloscope, OSA optical spectrum analyser, RF Amp: radio-frequency power amplifier, IQ-Mod: in-phase and quadrature modulator.](emss-79698-f003){#F3}

![Experimental results.\
Fibre-wireless transmission experiment results for 1 m and 5 m wireless link. Constellation diagrams at 2 Gbit/s, 12 Gbit/s and 20 Gbit/s are shown for a wireless distance of 1 m. For the 5 m wireless link experiment the constellation diagram at 2 Gbit/s, 8 Gbit/s and 10 Gbit/s are shown.](emss-79698-f004){#F4}
